His-Asp phosphorelays are widespread signal transduction mechanisms in bacteria, fungi, and higher plants. In order to investigate a His-Asp phosphorelay network in filamentous fungi, which has been genetically characterized in part, we attempted to construct an in vitro phosphotransfer network in Aspergillus nidulans comprising all the necessary components. As a first step, we established an in vitro phosphotransfer system with a histidine-containing phosphotransmitter YpdA, a response regulator SrrA, and a bacterial histidine kinase ArcB as a phosphate donor. We demonstrated the phosphotransfer from ArcB to A. nidulans YpdA and the subsequent transfer from YpdA to SrrA. This is the first direct biochemical evidence for the presence of the phosphotransfer system in filamentous fungi. Furthermore, a retrograde phosphorylation from YpdA to FphA, a histidine kinase similar to bacterial phytochrome, was found. The overall picture of the His-Asp phosphorelays in A. nidulans is discussed based on the results of the in vitro study.
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Living cells possess mechanisms for sensing various environmental stimuli. In Aspergillus species, mitogenactivated protein (MAP) kinase pathways and the G protein-mediated signal transduction pathway have been studied extensively. [1] [2] [3] [4] [5] [6] Analysis of genome information from the Aspergillus species has also revealed the existence of an adenylate cyclase/cAMP/protein kinase A pathway, an IP3-[Ca þþ ]-diacyl-glycerol-dependent protein kinase C pathway, and His-Asp phosphorelays (two-component regulatory systems), as well as a G protein-mediated signal transduction pathway and MAP kinase pathways. [7] [8] [9] [10] Among these, the His-Asp phosphorelays are widespread signal transduction mechanisms found in both prokaryotes and eukaryotes. 11, 12) The system consists of three types of common signal transducers: a sensor with histidine kinase activity (HK), a response regulator containing a phospho-accepting receiver (RR), and often a histidine-containing phosphotransmitter (HPt). HisAsp phosphorelays have recently received considerable attention because they have been identified as targets for antifungal drugs. 13) His-Asp phosphorelays are unique to bacteria, fungi, and higher plants.
Recently, we characterized an HK, designated NikA, that is commonly found in many fungi, in association with responses to potent fungicides such as iprodione and fludioxonil. 13) We found that not only NikA but also two downstream response regulators, SrrA and SskA, are crucially implicated in the killing effect of these fungicides, and also that the further downstream HogA-MAPK cascade is abnormally activated in hyphae by fungicides in a NikA-SskA phosphorelay-dependent manner.
The filamentous fungus Aspergillus nidulans is a model organism in which transcriptional regulation and signal transduction have been studied extensively. To date, only four histidine kinases have been reported: TcsA (gene ID, AN5296.3), 14) TcsB (AN1800.3), 15) FphA (AN9008.3), 16) and NikA (AN4479.3). 13) TcsA and FphA have been characterized with reference to asexual and/or sexual development processes, whereas TcsB appears to be orthologous to the well-characterized Saccharomyces cerevisiae osmotic sensor Sln1p. Recently we undertook an extensive computer-aided similarity search in which we identified further 12 open y To whom correspondence should be addressed. Tel: +81-52-789-4086; Fax: +81-52-789-4087; E-mail: kato@agr.nagoya-u.ac.jp reading frames (ORFs) as sensory histidines kinase, one ORF as an HPt, and four ORFs as response regulators in the genome of A. nidulans. 17) In the eukaryotic microorganisms S. cerevisiae 18, 19) and Schizosaccharomyces pombe, 20, 21) the His-Asp phosphorelay systems are well characterized. These organisms have only a small number of the common signal transducers, 1 HK, 1 HPt, and 2 RRs in S. cerevisiae, but three HKs, 1 HPt, and 2 RRs in S. pombe. Therefore, it is possible that the His-Asp phosphorelay systems in A. nidulans can respond to more complicated environmental stimuli.
An apparent problem associated with the phosphorelay system in A. nidulans is that there are too many HKs for the known number of downstream RR effectors. This raises the question whether all the histidine kinases can transfer a phosphate group to the HPt. In order to address this question, we attempted to examine the reaction of in vitro phosphotransfer with recombinants of all the transducers. Indeed, direct phosphotransfer from the kinase domain of LtnB, a hybrid histidine kinase, to the response regulator domain of LtnA, a response regulator with no effector domain, was demonstrated in a cyanobacterium, Synechococcus elongatus. 22) This result suggests that hybrid HKs do not always undergo intramolecular phosphotransfer from the histidine kinase domain to the response regulator domain, and also indicates the need for precise in vitro analysis.
In this study, as a first step in constructing an in vitro phospho-transfer network in A. nidulans comprising all the necessary components, we purified the recombinant HPt (YpdA) and a RR (SrrA) and subjected them to an in vitro phosphotransfer system using the bacterial histidine kinase ArcB as a phosphate donor. [23] [24] [25] We demonstrated phosphotransfer from ArcB to A. nidulans YpdA and subsequent transfer from YpdA to SrrA. This is the first direct biochemical evidence for the presence of a phosphotransfer system in filamentous fungi. We also found that the other RR, SskA, undergoes phosphorylation with phospho-YpdA. Furthermore, a retrograde phosphorylation from YpdA to FphA, a histidine kinase that shows similarity to the bacterial phytochrome, 16) was found during the analysis. The overall picture of the His-Asp phosphorelays in A. nidulans is discussed below based on the results of the in vitro study.
Materials and Methods
Strains, plasmids, and enzymes. A. nidulans ABPU1 (biA1 pyrG89; wA3; argB2; pyroA4) 26) was used as a source of mRNA. E. coli XL1-Blue (hsdR17, supE44, recA1, endA1, gyrA46, thi, relA1, lac/F 0 [proAB þ , lacI q , lacZDM15::Tn10(Tet r )]) (Stratagene, La Jolla, CA) was used for DNA manipulation.
was used as a host of a recombinant protein. The plasmids pGEM-T Easy (Promega, Madison, WI) and pColdII (Takara Bio, Ohtsu, Japan) were used in subcloning of various DNA fragments and in the production of recombinant proteins respectively. Phusion DNA Polymerase (Finnzymes, Finland), a high fidelity DNA polymerase, was used for polymerase chain reactions. The primers used in the construction of vectors are listed in Table 1 .
Construction of plasmids used in the production of recombinant histidine kinases, HPt, and response regulators. Information about the plasmids used in the production of recombinant histidine kinases, HPt, and response regulators as well as the E. coli ArcB protein is summarized in Fig. 1 . The primers were used to amplify the cDNAs with reverse transcripts of A. nidulans mRNA prepared from mycelia grown on starch medium for 24 h as a template of a polymerase chain reaction, which was followed by digestion with the restriction enzymes, and they were inserted into the corresponding sites of pColdII. All the recombinant proteins produced in this study possessed a histidine-tag at the N-terminus.
Construction of plasmids used in the production of mutant YpdA, SrrA, and SskA. pCold-YpdA(H85Q) carrying a gene encoding a mutant YpdA was obtained from pCold-YpdA by replacement of a cytosine residue at 255 from the translation start site of YpdA by thymine. Site-directed mutagenesis was carried out by the method described by Nelson and McClelland 27) with primers YpdA(H85Q)-F and YpdA(H85Q)-R. pColdSrrA(D385E) was obtained from pCold-srrA by replacement of a cytosine residue at 1155 from the translation start site of SrrA by guanine. Mutagenesis was carried out essentially in the same way as for pCold-YpdA(H85Q). Primers SrrA(D385E)-F and SrrA(D385E)-R were used. pCold-SskA(D641N) was obtained from pCold-SskA by replacement of a guanine residue at 1921 from the translation start site of SrrA by adenine. Mutagenesis was carried out essentially in the same way as for pCold-YpdA(H85Q). Primers SskA(D641N)-F and SskA(D641N)-R were used.
Construction of plasmids used in the production of mutant FphAs. pCold-FphA(H770Q) carrying a gene encoding a mutant FphA, FphA H770Q , was obtained from pCold-FphA by replacement of a cytosine residue at 2,310 from the translation start site of FphA by adenine. Site-directed mutagenesis was carried out with primers, FphA(H770Q)-F and FphA(H770Q)-R, in the same way as for pCold-YpdA(H85Q). pCold-FphA(D1181N) carrying a gene encoding a mutant FphA, FphA D1181N , was obtained from pCold-FphA by replacement of a guanine residue at 3,541 from the translation start site of FphA by adenine. Site-directed mutagenesis was carried out with primers FphA(D1181N)-F and FphA(D1181N)-R in the same way as for pCold-FphA(H770Q).
Purification of histidine-tagged YpdA, PhkB, and NikA. E. coli BL21(DE3) cells transformed with various His-tagged constructs were grown in 100 ml of LuriaBertani broth with 50 mg/ml of ampicillin at 37 C. When the OD 600 reached 0.5, the culture was shifted to 15 C. Then IPTG was added to a final concentration of 1 mM and the cultures were shaken for an additional 24 h at 15 C. Cells were resuspended in 2 ml of buffer S (50 mM Tris-HCl, pH 7.5, 50 mM NaCl, 1 mM EDTA, and 1 mM DTT). Bacteria were lysed by sonication, and the lysates were clarified by centrifugation at 7;000 Â g for 15 min at 4 C. The supernatant were applied to 0.25 ml of Ni-NTA Agarose (Qiagen, Hilden, Germany), and washed with 10 ml of buffer S. His-tagged proteins were eluted with buffer S containing 100 mM imidazole. The eluted fractions were dialyzed against buffer D (50 mM Tris-HCl, pH 7.5, 50 mM NaCl, 1 mM EDTA, and 1 mM DTT). The protein concentration was determined according to Bradford.
28)
Purification of histidine-tagged SrrA, TcsA, PhkA, FphA, and the gene product of AN7945.3. Expression of 
proteins was the same as for YpdA, but these proteins were expressed as inclusion bodies. Cells were harvested and resuspended in 2 ml of buffer S. Bacteria were lysed by sonication, and the inclusion bodies were collected by centrifugation at 7;000 Â g for 15 min at 4 C, washed with 2 ml of 0.5% Triton X-100, and 1 mM EDTA three times, and solubilized in 2 ml of buffer U (8 M urea, 50 mM Tris-HCl, pH 7.5, 1 mM EDTA, and 1 mM DTT), incubated for 1 h at room temperature, and centrifuged (15;000 Â g for 30 min at 4 C). Supernatants were dialyzed against 200 ml of buffer U containing 4 M urea for 1 h, 200 ml of buffer U containing 2 M urea for 1 h, 200 ml of buffer D for 1 h, and 200 ml of buffer D again overnight.
Purification of histidine-tagged SskA. Expression of proteins was the same as for YpdA. Cells were resuspended in 2 ml of buffer S. Bacteria were lysed by sonication, and the inclusion bodies are collected by centrifugation at 7;000 Â g for 15 min at 4 C, solubilized in 2 ml of 0.5% Triton X-100 and 1 mM EDTA.
Preparation of the ArcB-enriched E. coli cytoplasmic membrane. Preparation of the E. coli cytoplasmic membrane was carried out according to Tokishita et al.
29)
E. coli DAC903/pIA001-ArcB 24) as a ArcB overproducer and DAC903/pINIII 24) as a negative control were used. E. coli cells were grown in 1,000 ml of Luria-Bertani broth with 50 mg/ml of ampicillin at 37 C. When the OD 600 reached 0.5, IPTG was added to a final concentration of 1 mM and the cultures were shaken for an additional 2 h at 37 C. Cells were harvested and resuspended in 17.7 ml of ice-cold distilled water. Ten ml of 0.1 M Tris acetate buffer (pH 7.8), 9 ml of 2 M sucrose, 1.7 ml of 1% EDTA (pH 8.0), and 1.7 ml of 5 mg/ml lysozyme were added and the mixture was cooled in an ice-water bath for 30 min. After the addition of DNaseI (50 mg/ml of reaction mixture), the spheroplasts were passed through an Aminco French pressure cell at 10,000 psi, and then homogenized in a Teflon homogenizer. The cell lysate was centrifuged at 8;000 Â g for 15 min to remove unbroken cells and further centrifuged at 150;000 Â g for 2 h. The pelleted membrane vesicles were suspended in a small volume of TDG buffer (50 mM Tris-HCl, pH 7.8, 10% glycerol, 2 mM DTT) and centrifuged in a Beckman TLA-100.3 rotor at 150;000 Â g for 30 min. The pellet was washed with 800 ml of Urea A10G buffer (740 mg of urea, 1 ml of A10G buffer [50 mM Tris-HCl, pH 7.8, 10% glycerol, 1 mM DTT, 250 mM sucrose]) and 1 ml of TDG buffer. Fifteen genes for HK, four genes for RR, and one gene for HPt were identified previously. 17) Genes not given a name are expressed by an asterisk in the Gene Name column. The column ID no. shows the locus number given for each ORF in the A. nidulans data base (http:// www.broad.mit.edu/annotation/fungi/aspergillus/). Sequence motifs in each ORF were also identified previously. 17) PAS, PAS domain; PAC, PAC domain; shaded box, histidine kinase domain; H, histidine residue; hatched oval, receiver domain; D, aspartate residue; E, glutamate residue; GAF, GAF domain; STYKc, conserved domain in serine/threonine/tyrosine kinases; HSF, conserved sequence in heat shock transcription factors; STKc, conserved domain in serine/threonine kinases. The C-terminal region of HK, expressed as the recombinant protein, is indicated by an open box. For HPt and RRs, the entire regions were produced. The positions expressed as the recombinant protein, calculated molecular weight (including the additional residues derived from the vector), the positions of the amplified fragment, primers used, restriction sites used in the construction, and the names of the plasmids are also indicated. The translation start sites were defined as +1.
The pellet was resuspended in 50 ml of TDG buffer and stored at À80
C. The amount of membrane vesicle was expressed as that of protein as determined by the method of Lowry et al. 30) In vitro His-Asp phosphotransfer. In vitro His-Asp phosphotransfer was carried out according to the method of Suzuki et al. 25) Sixty mg of ArcB-enriched E. coli cytoplasmic membrane was incubated with 0.05 mM [-32 P] ATP (37 kBq) in TEDG buffer (50 mM Tris-HCl, pH 7.8, 0.5 mM EDTA, 2 mM DTT, and 10% glycerol) containing 5 mM MgCl 2 and 200 mM KCl at 25 C. According to the conditions, His-tagged YpdA and/or His-tagged SrrA or SskA was added to the reaction. The reaction was terminated by the addition of the same volume of 2X SDS-PAGE sample buffer (40 mM TrisHCl, pH 7.5, 2% -mercaptoethanol, 2% SDS, 12% glycerol, and 0.04% bromophenol blue) and the samples were subjected to SDS-PAGE. The gel was dried and analyzed with an imaging scanner BAS-2500 (Fuji Film, Tokyo).
Preparation of phospho-YpdA. His-tagged YpdA (3 mg) was incubate with 60 mg of ArcB-enriched E. coli cytoplasmic membrane and 0.05 mM [- C) and the supernatant was applied to a probeQuantÔ G-50 micro column (GE Healthcare UK Ltd., Buckinghamshire, England) to remove free ATP.
Results

Establishment of an in vitro His-Asp phosphorelay system
In order to determine whether A. nidulans putative histidine kinases (HKs), HPt, and response regulators (RRs) can function as histidine kinases, an HPt phosphotransmitter, and phospho-accepting receivers respectively, we designed an experiment to determine phosphotransfer activity in vitro. In order to achieve this, we initially attempted to prepare all the histidine kinases as recombinant proteins (see ''Materials and Methods,'' data not shown). Of the 15 histidine kinases, six kinases (TcsA, PhkA, PhkB, NikA, FphA, and the product of AN7945.3) were obtained as soluble proteins (see Fig. 7A ). Although we examined the autophosphorylation activity of these kinases with [-32 P]-ATP, we were unable to establish the conditions of their autophosphorylation (data not shown). Next we prepared HPt and one of the response regulators, SrrA, as described in ''Materials and Methods'' ( Fig. 2A) . In order to determine whether the putative HPt is capable of undergoing phosphorylation, we employed E. coli cytoplasmic membrane containing an overproduced ArcB hybrid sensor His kinase. 25) When certain heterologous HPt phosphotransmitters are incubated with the E. coli cytoplasmic membrane in the presence of ATP, they can acquire a phosphoryl group at certain histidine residues, as demonstrated for Arabidopsis HPt phosphotransmitters. Incubation of E. coli cytoplasmic membrane in the presence of [-32 P] ATP caused autophosphorylation of ArcB, as reported previously. When the purified YpdA protein was incubated with the E. coli cytoplasmic membrane, a radioactive band of the same size as YpdA was observed (Fig. 2B) . It is notable that the appearance of the radioactive band was ArcBdependent. These results indicate that the putative HPt, YpdA, is capable of undergoing phosphorylation catalyzed by ArcB in the E. coli cytoplasmic membrane. Furthermore, the simultaneous addition of SrrA to YpdA and the E. coli cytoplasmic membrane resulted in the appearance of a new band corresponding to the size of SrrA. This result was ArcB-and YpdA-dependent. The time course of the His-Asp phosphorelay reaction (Fig. 3 ) strongly suggested serial phosphotransfer from ArcB to SrrA via YpdA, but we must point out that the in vitro system established in this study is still qualitative. Interpretation of the capacity for phosphotransfer from the band intensity must be made with care. For quantitative assay, we intend to improve this system in the near future.
SrrA underwent phosphorylation only with phosphoYpdA
In order to demonstrate the direct transfer of a phosphate group from YpdA to SrrA, we purified phospho-YpdA as described in ''Materials and Methods.'' The addition of SrrA to purified phospho-YpdA resulted in phosphate transfer to the SrrA protein, indicating direct transfer of a phosphate group from YpdA to SrrA (Fig. 4) . It is notable that the transfer reaction was very rapid; the reaction had already reached a plateau after 0.5 min. This result indicates that no factor other than phospho-YpdA is necessary for the phosphorylation of SrrA, and also indicates serial phosphotransfer from ArcB to SrrA via YpdA.
Histidine 85 in YpdA and Aspartate 385 in SrrA are indispensable for the phosphotransfer reaction
In order to test whether YpdA-His85 and SrrAAsp385, the putative phosphorylation sites, are essential for the phosphotransfer reaction, YpdA H85Q , containing the His85 to Gln mutation, and SrrA D385E , containing the Asp385 to Glu mutation, were prepared (Fig. 5A) and examined by the in vitro phosphotransfer system (Fig. 5B) . As expected, YpdA H85Q was not phosphorylated, while the wild YpdA protein was phosphorylated by ArcB. A similar result was obtained with the mutant SrrA: SrrA D385E was not phosphorylated, while the wild SrrA protein was phosphorylated. These results indicate that these amino acid residues are indispensable for the phosphotransfer reaction, and strongly suggest that they are phosphorylation sites.
The other response regulator, SskA, was also phosphorylated by phospho-YpdA Using our in vitro system, we further examined to determine whether the other response regulator, SskA, would also be phosphorylated. For unknown reasons, the recombinant SskA, which possesses a His-tag, did not bind to Ni-NTA agarose (data not shown). Hence, we used partially purified protein, as described in ''Materials and Methods.'' We also prepared a mutant, designated SskA D641N , which contains an Asp641 to Asn mutation, in order to examine the putative phosphorylation site (Fig. 6A) . The addition of SskA to purified phospho-YpdA resulted in the transfer of a phosphate to the SskA protein, indicating the direct transfer of a phosphate group from YpdA to SskA (Fig. 6B) . When the mutant SskA D641N was used, phosphotransfer did not take place, suggesting, as expected, that Asp641 is the phosphorylation site. Furthermore, although we also examined the other two RRs, SrrC and SrrB, using our system, no phosphotransfer was observed (data not 32 P-labelled phospho-YpdA was purified as described in ''Materials and Methods,'' and then was incubated with purified SrrA at 25 C. Aliquots were removed from the reaction mixture at the times indicated and analyzed by SDS-PAGE. Two mg of phosho-YpdA and 2 mg of SrrA were used in each lane. Indispensable to the Phosphotransfer Reaction. A, YpdA H85Q and SrrA D385E were purified in the same way as wild-type YpdA and SrrA respectively, followed by SDS-PAGE analysis. B, YpdA H85Q and SrrA D385E were analyzed by the in vitro phosphotransfer system. The reaction was carried out for 30 min, as described in the legend to Fig. 2B. shown). It is to be expected for SrrB, since the conserved Asp residue is originally replaced by a Glu residue. With regard to SrrC, the reasons for the failure remain unknown. We may need to examine various further conditions.
Retrograde phosphotransfer from YpdA to FphA As stated above, we have not established the autophosphorylation conditions for the purified histidine kinases of A. nidulans. We did, however, examine the retrograde phosphorylation reaction of HKs by phosphoYpdA. Surprisingly, only one histidine kinase, FphA, which functions as a phytochrome in the detection of red light, 16) underwent phosphorylation by phospho-YpdA (Fig. 7) . In order to examine the involvement of the conserved His residue in the kinase domain and the conserved Asp residue in the responsive regulator domain in the retrograde phosphotransfer, we also prepared mutants FphA H770Q and FphA D1181N , which contain the His770 to Gln mutation and the Asp1181 to Asn mutation respectively. The addition of FphA
H770Q
to purified phospho-YpdA resulted in the transfer of phosphate to the FphA H770Q protein, indicating that the His residue is not necessary for retrograde transfer (Fig. 8) . When the mutant FphA D1181N was used, phosphotransfer did not take place, indicating that Asp1181 in the responsive receiver domain is indispensable for retrograde phosphotransfer.
Discussion
Establishment of the in vitro His-Asp phosphotransfer system
In this study, we established an in vitro phosphotransfer system. This is the first study to analyze filamentous fungal His-Asp phosphorelays in vitro, and the first to provide direct biochemical evidence that there exist His-Asp phosphorelays in filamentous fungi. A, Wild-type SskA and SskA D641N , partially purified as described in ''Materials and Methods,'' were analyzed by SDS-PAGE. One hundred mg of each was analyzed. B, 32 P-labelled phospho-YpdA was incubated with partially purified SskA and SskA D641N , respectively. Aliquots were removed from the reaction mixtures at the times indicated and analyzed by SDS-PAGE. Ten mg of partially purified SskA and 2 mg of phospho-YpdA were used in each lane. A, TcsA, PhkA, PhkB, NikA, FphA, and the product of AN7945.3 were purified as described in ''Materials and Methods.'' B, TcsA (3 mg), PhkA (2 mg), PhkB (1 mg), NikA (2 mg), FphA (2 mg), and the product of AN7945.3 (3 mg) were incubated with phospho-YpdA (2 mg) for 10 min at 25 C, and then analyzed by SDS-PAGE.
As described in the introduction, His-Asp phosphorelay systems are important as targets of antifungal drugs. 13) Hence, the in vitro assay described here has the potential to screen novel antifungal drugs as well as utility in basic research on His-Asp phosphorelays in filamentous fungi. In this study, however, for unknown reasons, we failed to establish the conditions of the autophosphorylation of HKs. One possible reason for this failure is the constructs of the recombinant HKs. The other domains, such as PAS, GAF, and PAC domains, may be required for autophosphorylation. Indeed, Blumenstaein et al. 16) succeeded in establishing autophosphorylation conditions with a full-length recombinant FphA with a chromophore using a special E. coli host cell with a gene encoding the Synechocystis sp. heme oxygenase to introduce a chromophore molecule, as discussed below.
As they reported, it may be not easy to establish the autophosphorylation conditions for the other HKs. In the future, we may need to obtain a longer version of the HKs in order to establish the requisite autophosphorylation conditions.
His-Asp phosphorelay network in A. nidulans We have characterized two RRs (designated SskA and SrrA) associated with the phosphorelay signaling network implicated in oxidative stress responses, 17) but the upstream HKs that modulate SskA and SrrA in response to various stimuli such as oxidative stress have not been identified.
In A. nidulans, a partial sequence encoding a Neurospora crassa NIK-1-related HK of unknown function was the first HK described in the fungus. 31) Recently, we characterized the NIK-1-related HK, designated NikA, in association with the responses to the fungicides iprodione and fludioxonil. 13) Based on this analysis, we speculate that NikA plays a role in phosphorelay signaling together with downstream RRs, and that the NikA-SskA-HogA pathway is somehow responsible for the growth inhibitory action of iprodione and fludioxonil.
Based on an analogy with S. cerevisiae, TcsB is a candidate for the upstream HK of SskA. 15) Indeed, TcsB can suppress the lethality of the S. cerevisiae sln1-ts mutant, indicating that TcsB is orthologous to the wellcharacterized S. cerevisiae osmotic sensor Sln1p, and that TcsB functions as an osmosensor histidine kinase. The tcsB deletion strain, however, did not exhibit a detectable phenotype for either hyphal development or morphology on standard or stress media, suggesting that A. nidulans has a more complex and robust osmoregulatory system than S. cerevisiae. 15) On the other hand, based on the analogy with S. pombe, 20, 21) PhkA, the homolog of Phk1/2, and PhkB, the homolog of Phk3, are candidate sensors for the hydroxyl peroxide signal. We have constructed deletion mutants of these genes. Their characterization is underway, with special reference to responses to oxidative stress (Y. Yamazaki et al. unpublished results).
Appleyard et al. 14) reported an HK, designated TcsA, that is required for the production of conidia. While tcsA is nonessential for vegetative growth, cells lacking the tcsA gene are unable to produce conidia on standard media, but the defect is suppressed by growth on media of high osmolarity. More recently, Brakhage and his colleagues reported very interesting findings: TcsA is required for nuclear localization of the bHLH protein, DevR, which regulates conidiophore development under standard growth conditions, suggesting that the two proteins belong to the same signal transduction pathway. 32) Therefore, although there is no direct evidence at present, it is probable that the regulation of the localization of DevR is mediated by the TcsA-YpdA-SskA and/or TcsA-YpdA-SrrA phosphorelays.
Collectively, these observations suggest that at least six HKs, including FphA, discussed below, are candidates for the upstream HKs of the YpdA-SskA and/or YpdA-SrrA phosphorelays (Fig. 9) . But if so many HKs were to be activated simultaneously within a cell, it is quite possible that the multiple signals would confuse the cellular regulation systems. One possible solution to this puzzle is that the expression of the HKs is temporarily and/or spatially regulated during the life cycle. Indeed, we have detected the temporarily and spatially differential expression of HKs using a green fluorescent protein (GFP) reporter driven by HK promoters (A. Suzuki et al., submitted). It has been demonstrated that asexual sporulation is stimulated and sexual development repressed by red light. 33) Light is required for conidiation in A. nidulans. In several fungal genomes, phytochrome-like proteins have been detected that are more similar to bacterial than to plant phytochromes. They have multifunctional domains in which the phytochrome region and the histidine kinase domain are combined in a single protein with a C-terminal response-regulator domain. Blumenstein et al. 16) reported that A. nidulans phytochrome FphA binds a biliverdin chromophore to form a holo-FphA; this acts as a red light sensor, and represses sexual development under red-light conditions. They also examined autophosphorylation of the purified holoFphA (red and far-red forms) with [-32 P] ATP, but both forms of FphA displayed weak phosphorylation activity. In the present study, we identified retrograde phosphotransfer from YpdA to FphA. At present, we do not know the physiological significance of this retrograde phosphotransfer. At least, this is the first biochemical evidence of the interaction of a histidine kinase and HPt in filamentous fungi. It is highly probable, then, that phospho-FphA can transfer a phosphate group to YpdA, although this reaction has yet to be examined. In S. cerevisiae, extensive biochemical studies have revealed reversible phosphotransfer reactions: between Sln1 (the sole histidine kinase) and Ypd1 (HPt), and between Ypd1 and Skn7 (a responsive regulator). Interestingly, phosphotransfer from Ypd1 to Ssk1 (another responsive regulator) is irreversible, indicating that the phosphotransfer reactions are not always reversible. 34 ) Hence, it is also possible that retrograde transfer is involved in the complex regulation of asexual and sexual development in A. nidulans.
